The unusual breathing pattern characterized by cycles of hyperventilation and apnea was first described by Cheyne in 1818 (1) but wider attention was attracted to the phenomenon by Stokes in his work "The Diseases of the Heart and Aorta" in 1854 (2) . This pattern is most commonly seen in patients with heart disease. The form of cardiac dysfunction associated with this respiratory disorder is characterized by left ventricular dilatation, pulmonary congestion, and a low cardiac output. Hypertensive disease or ischemic heart disease are the usual etiological factors.
The underlying mechanism of this disorder has been the subject of debate since Cheyne described it in a man with "heart disease and apoplexy." Stokes implicated heart disease more specifically by stating, "But there is a symptom which appears to belong to a weakened state of the heart, and which, therefore, may be looked for in many cases of fatty degeneration. I have never seen it except in examples of that disease. The symptom in question (cyclic respiration) was observed by Dr. Cheyne although he did not connect it with the special lesion of the heart."
There is still no general agreement concerning the cause of this type of cyclic respiration; some consider the altered breathing pattern primarily neurogenic, others inveigh a circulatory disorder. Any proposed mechanism must be able to account for the consistent findings seen in this disorder: a) the long duration, often years, of the respiratory dysrhythmia, frequently without obvious evidence of central nervous system disease; b) the absence of cyanosis or polycythemia in spite of periods of prolonged apnea; c) mental clarity, or absence of altered sensorium during the apneic phase (described by Stokes as "the long continued cessation of respiration yet without any suffering * Supported in part by Grant Wis. on the part of the patient"); d) the crescendodecrescendo respiratory pattern; e) return to normal breathing when circulation is improved.
Pryor (3) demonstrated a phasic temporal shift between ventilatory function and arterial blood gas values in individuals with Cheyne-Stokes (C-S) respiration and heart disease with arterial oxygen saturation highest during the period of apnea. This was not true in patients with intracranial hemorrhage or increased intracranial pressure who also exhibited intermittent respiration. He assumed that in C-S breathing an increased lung-tobrain circulation time caused oscillatory variations in arterial saturation resulting from a delayed feedback of the ventilatory effects (output) to the respiratory center (input) (Figure 1 ). This mechanism implies that in a given instance well ventilated blood does not mix well with the poorly ventilated blood and causes the respiratory center(s) to be exposed for relatively long periods to blood which is alternately well or poorly ventilated. This concept had been suggested earlier by Klein in 1930 (4) (6) demonstrated that when the lung-to-brain circulation time was artificially increased in an otherwise normal dog, oscillatory, or C-S respiration could be induced.
More recently, Brown and Plum (7) observed hypocapnea in patients with cyclic respiration of the C-S type and suggested that this type of breathing is primarily neurogenic in origin. Review of the data of Pryor also shows the relative hypocapnea described by Brown addition to a re-examination of the nature of cyclic respiration it appeared desirable to study the specific effect of large cyclic variations in blood gases and pH on respiratory center function.
METHODS
Nine patients with typical Cheyne-Stokes respiration were studied over a 2-year period. Although all gave evidence of heart disease with some degree of failure (Table  I) Figure 3 and Tables II and III indicate that this "forme fruste" manifestation is identical with the typical C-S respiration in the temporal relationships between respiratory and blood gases.
DISCUSSION
These results in general agree with those expected from the theoretical assumptions made by Klein (4) and the published findings of both Anthony and colleagues (5) Certain features of this investigation were particularly interesting, and their possible importance will be further considered below: a) the age and sex of the group studied; b) the usual absence of arterial blood oxygen desaturation throughout the cycle; c) the low mean levels of PACO2 and Paco2; d) the evidence in some cases for coexistent cerebral vascular disease. a) All patients included in this study were above 52 years of age but this may have been due to bias of sample in a County Hospital population. Other reports have included patients as young as 25 (3). All patients reported in References 1, 3, and 5 were males. This high relative incidence in males has not received previous comment.
b) The absence of significant arterial oxygen unsaturation (except in Cases 5, 8, and 9) is in agreement with other reports (3, 5, 7) . None of the patients appeared cyanotic during any portion of the respiratory cycle, nor was clubbing found. These findings rule out persistent anoxemia as a primary mechanism for respiratory control in these subjects, in contrast to its presumed role in cases of cerebral contusions and brain tumor (3) . There is, however, evidence that mild anoxemia potentiates the effects of Paco2 on the carotid body or medullary receptors (9, 10) . c) Previous studies have shown varying degrees of hypocapnea (3, 7) . In the present study analysis of end-tidal gas reveals a lowered PACO2 at all times. Furthermore, PAC02 falls to even lower levels during hyperpnea. In Figure 2 end-tidal PACO2 of the first breath following apnea shows a value below the expected normal, despite more than 30 seconds of apnea. It is attractive to imagine venous blood slowly passing through the pulmonary capillary bed and contributing CO2 to an alveolar volume ventilated so well that even after brief apnea PACo2 is less than normal. By inference, the observed effect of cyclic respiration is equivalent to chronic mild hyperventilation. This problem will be considered in detail later. d) Patients 3-8 did not show gross or histological evidence of cerebrovascular disease. However, the presence of severe cerebrovascular disease at postmortem examination in Patient 2 and inferred from clinical signs in Cases 1 and 9 introduces a confusing element. Several interpretations are open for consideration. First, the presence of central nervous system disease might be part of a generalized ischemic vascular disease without causal relationship to C-S breathing. Second, the central nervous system disorders act in a permissive manner, allowing cyclic respiration to occur if circulatory abnormality coexists. A third concept would make the neurological defect the primary and only essential defect, the cardiovascular disorder being coincidental but not essential. The finding of abnormal circulatory function in all patients studied, and the freedom from cerebrovascular or other organic brain disease in six of the nine patients studied, would rule out the third concept and severely vitiate the second, but would be compatible with a primary circulatory disorder. The discussion to follow is directed toward a delineation of the roles of circulation and of nervous control in cyclic respiration as observed in the patients studied. The physiological parameters of respiratory control will be compared with analogies utilized in engineering control system analysis. Relationships will be developed between important physiological parameters and the more easily studied electrical analogue.
Analysis of components of the respiratory control system 1. Although many afferent stimuli influence the level of respiratory activity, respiration normally is controlled from a medullary respiratory center primarily sensitive to the tension of CO2. This does not exclude other controlling factors, such as changes in arterial oxygen tension or in arterial pH, whether they be additive (9) or synergistic (10, 11 An important characteristic of control systems is the ratio of output to input or the "gain" of the amplifier component. When the amplifier component of a system acts in such a manner that a disturbing influence (input) results in a response (output) which, in the absence of a feedback signal would be greater in magnitude than the input, then the ratio of output to input will exceed one, and the gain becomes some value greater than unity. In general, a high gain amplifier component in a control system acts to provide rapid response to changing conditions as well as close adherence to a reference input value (12, 13) . The respiratory control system responds to an increase in Pco2 by increasing ventilation and lowering the PCo2 of pulmonary capillary blood. This property is necessary for control and is called "negative feedback."
4. Since the control of Paco9 within small limits is presumably the goal of the respiratory control system, transmission of the "negative feedback signal" is required to reflect the increase or decrease of alveolar ventilation. This feedback pathway entails the transport of pulmonary capillary blood to the brain via the left ventricle. This transport time is closely related to the lung-toartery transit time. A schematic representation of the control system is depicted in Figure 1 .
5. Because of the finite time required for transmission of feedback and the greater than unity gain, the system as described would be unstable at certain frequencies and would result in oscillating fluctuations in ventilatory activity (12, 13) . Several stabilizing mechanisms operate. In addition to a short lung-to-brain circulation time, longitudinal mixing of blood during transit from lung to heart to brain would decrease the effective transit time and minimize the effects of variable ventilation. There is evidence that this mixing is far from complete (14) . More efficient buffers exist which tend to maintain constant blood gas levels despite transient variations in ventilation. One is the functional residual capacity (FRC). This volume acts as a damper (15) in that it permits brief periods of hypo-or hyperventilation with minimal variation in blood gases. Another is bicarbonate reserve which likewise minimizes the alteration of Paco2 if CO2 excretion is temporarily greater or less than CO, supplied to the pulmonary capillaries. As a consequence, under normal circumstances the control system, potentially oscillatory because of gain and delayed feedback, is damped and a nearly optimal balance is struck between stability and speed of response.
One might expect that infringement of the total lung volume by cardiac enlargement, caval distention and congestion or diminution of FRC in the supine position (16) would decrease the effectiveness of this stabilizing factor. A potentially oscillating system then might oscillate only with a change from erect to supine position. This may be a factor in the observations of Altschule and Iglauer (17) which indicate that C-S respiration is enhanced by a change from sitting to supine position.
Patients, 2, 3, 5, and 8 showed mild to severe renal acidosis. The attendant alkaline reserve in these patients would allow greater variation in Paco2 for a given transient change in rate of excretion as compared with the normal. The tendency toward mild compensated respiratory alkalosis in chronic congestive heart failure would cause a decrease in alkaline reserve when renal function is normal.
The following paragraph uses the analogy between the respiratory control system and an electrical control system with components of amplification, negative feedback, and finite delay in the feedback loop. Although we have attributed "negative feedback" to the biological control system (Figure 1) , if the feedback signal is delayed so that it returns to the sensing center with a phase angle of more than 900 from ideal, "positive feedback" is produced. A similar electrical system would be considered to have positive feedback and greater than unity gain. Both systems would oscillate at a frequency-related to the time required for a complete circuit (12, 13) . By such an analogy C-S respiration would occur whenever the damping factors (FRC, alkaline reserve, short lung-to-brain transit time) are sufficiently compromised.
A necessary consequence of the conclusions noted above should be the occurrence of cyclic 47 respiration in normal individuals whenever the stabilizing conditions are compromised. Although this study deals with C-S respiration in heart disease, it should be recalled that cyclic respiration is often seen in mountaineers, particularly during sleep, either at altitudes over 20,000 feet or at lower levels if acclimatization is not complete. In 1909, Douglas and Haldane studied the cyclic respiration which prevailed transiently after apnea was induced by voluntary hyperventilation (15) . Alveolar gas analysis at the onset of the hyperpneic phase indicated both hypocapnea and hypoxia. Although the FRC and bicarbonate reserve were recognized as having a "flywheel action," Douglas and Haldane did not consider the possible role of circulatory transit time, probably because information concerning the latter was not available. They proposed that "hunting" of a respiratory center (made more sensitive by hypoxia) occurs because of slow movement in and out of the interstitial fluid of the center. Under the condition of sitting quietly after forced hyperventilation, these authors show that the cycle period is between 28 and 32 seconds. In addition, cyclic respiration may be induced in normal subjects exposed to mild or moderate hypoxia (10) . Figure 4 is obtained through the courtesy of Dr. Ulrich Luft, Department of Physiology, Lovelace Foundation, Albuquerque, N. M. It is a record of ventilation in a normal volunteer breathing 10 per cent oxygen in nitrogen for 2 hours at a barometric pressure of 630 mm Hg. Note the periodic character of the respiration, whether with complete apnea (top line) or with variation in depth(along center of lower tracing). In such normal individuals the periods are short (18 to 22 seconds) and allow only a few respiratory cycles before apnea recurs. If the cycle period were a function of the lung-to-brain circulation time, as inferred in the discussion of C-S respiration in heart disease, this time should be 9 to 11 seconds. This is approximately the circulation time expected in the normal supine adult male subjected to moderate anoxia.
In like manner, the cyclic respiration reported by Douglas and Haldane would require a somewhat longer lung-to-brain circulation time; i.e., 14 to 16 seconds. This time, a few seconds greater than that theorized from Figure 4 , would be expected in an older subject quietly sitting.
It is attractive to assume that Figure 4 repre- sents the respiratory control system rendered unstable primarily by an increase in gain of the amplifier component. This increase in gain would be due to the additive or synergistic effects of hypoxia. Again the frequency of oscillation would be fixed by the transit time of the feedback signal.
The foregoing assumptions have implied a normal response of respiratory center (s) to variations in blood gases. However, the mild to moderate hypocapnea which has been observed has led to the suggestion that there may be a primary respiratory mechanism that causes cyclic respiration, with hyperexcitability of the center(s) causing intermittent hypocapnea and apnea. One should recall that a mild degree of hypocapnea is found in individuals with chronic circulatory impairment associated with pulmonary venous congestion (18) . Since congestive heart failure of some degree with increased pulmonary venous pressure was the hallmark of the patients in the present study, one would expect a lowered average Paco2 in these patients even if cyclic respiration were not present. would therefore serve to decrease the mean arterial Pco2, because the effect of hyperventilation at the height of Paco2 is incompletely compensated during the apneic phase. This is attributable both to the location of the apneic intercept and to the persistence of gas exchange in the absence of external ventilatory activity. One would expect, furthermore, that for a given respiratory sensitivity to Pco2 in an individual in whom the level of Paco2 varied in such a manner, the mean PacO2 would be lower than in the same individual when the arterial CO2 tension was nearly constant. We conclude that the finding of a mild to moderate hypocapnea does not necessarily indicate an increase in sensitivity of the respiratory center to the partial pressure of CO2. It is difficult to quantitate the effects of the cyclical variations of PacO2 seen in a given patient, but there exists fair agreement between the observed deviation of the mean Paco2 seen in these patients (27.2 vs 32 for normal male subjects studied in the same laboratory) and the theoretical deviation calculated from a sine wave input with an 8 mm Hg amplitude. The observed amplitude ranged from 3 to 11 mm Hg (Table III) .
Hypocapnea in the presence of congestive heart failure is not unexpected, particularly when pulmonary congestion is present. Table IV gross heart failure and C-S respiration would not require any particular alteration in the function of the respiratory center but could be related to both the increased afferent stimuli from pulmonary receptors and the above mechanisms. In the case of C-S respiration in the absence of gross failure or pulmonary congestion, the peculiar effects of cyclical variation of Paco2 alone could account for the observed decrease of Paco2. Indeed, the usual application of increased Pico2 for the measurement of "respiratory center sensitivity" would seem invalid in cyclic respiration. SUMMARY 1. Continuous simultaneous measurements of arterial blood gas values and ventilation were made on nine patients with Cheyne-Stokes (C-S) respiration on the medical service of a general hospital.
2. Eight of nine patients were males, over the age of 59, and all had heart disease. Three had definite cerebrovascular disease.
3. The physiological abnormalities observed consistently included phasic shift between the cyclic variation in alveolar and arterial gas values, prolonged circulation time (lung to artery), normal Sao2 in the absence of recent pulmonary edema, and hypocapnea.
4. The altered physiological parameters were compared with appropriate analogies in physical systems. When viewed in this manner the observations support the theoretical assumption that the basic mechanism for C-S respiration lies in the prolonged lung-to-brain circulation time and the loss of effective damping factors. The respiratory center acts appropriately. When C-S respiration is induced in normal subjects by means of increasing sensitivity to CO2, the cycle period is related to circulatory delay as in the patients reported here.
5. The consistent finding of hypocapnea may be explained partially on the basis of congestive heart failure (when present) or on the peculiar effects of cyclic variation of Pao2 on a respiratory center which, because of its nonlinear response, will cause increased mean alveolar ventilation if the amplitude of cyclical variation of Paco2 is such that the Paco2 falls below the apneic point on its downward excursion. The latter theoretical possibility is explored by means of available data. Such semiquantitative treatment yields results which fit the observed depression of the average Paco2 without involving "hypersensitivity" of the respiratory center.
